Chronic kidney disease (CKD) is a public health problem affecting millions of people worldwide and is an independent risk factor for cardiovascular disease and premature death.[@bib1] The diagnosis of CKD generally involves the use of a cystatin C−based or a creatinine-based glomerular filtration rate (GFR) estimating equation, since measured GFR (mGFR) can be obtained only by use of an invasive procedure. The mean of a cystatin C−based and a creatinine-based GFR estimating equation usually produces the most reliable GFR estimate.[@bib2], [@bib3], [@bib4] Although the cystatin C−based or creatinine-based GFR estimates generally agree, they disagree in some cases in the absence of known extrarenal influences on the plasma levels of cystatin C or creatinine. In virtually all of these cases, a cystatin C−based estimated GFR (eGFR~cystatin\ C~) is lower than a creatinine-based eGFR (eGFR~creatinine~). It has been suggested that an eGFR~cystatin\ C~/eGFR~creatinine~ ratio ≤0.60 represents a new syndrome, called shrunken pore syndrome (SPS),[@bib5] as the glomerular filtration of 12- to 29-kDa molecules seemed to be selectively impaired.[@bib4], [@bib5] The long-term mortality[@bib6], [@bib7], [@bib8] and morbidity[@bib8], [@bib9] of patients with SPS have been shown to be strongly increased in several cohorts, even in the absence of reduced GFR. Moreover, cardiovascular manifestations have represented a major part of the mortality.[@bib6], [@bib7], [@bib8], [@bib9], [@bib10] All of these studies have used cystatin C−based and/or creatinine-based GFR estimating equations to estimate GFR, but in an ongoing investigation of 2805 patients with measured GFR, SPS is also associated with a markedly shortened survival (A. Grubb, J. Björk, unpublished data). In the present work, the plasma levels of 177 selected proteins were determined in 156 patients from this cohort, with or without SPS and with or without reduced mGFR, to examine whether the proteome of patients with SPS differs from that of patients with normal or reduced mGFR in the absence of SPS. A second objective was to investigate whether some of the alterations in protein levels might contribute to an understanding of the increased mortality of patients with SPS. A third objective was to investigate the relationship between protein size and plasma level in patients with SPS and in patients with reduced mGFR in the absence of SPS.

Materials and Methods {#sec1}
=====================

Study Population {#sec1.1}
----------------

The cohort of 156 patients studied in this work was selected from the Lund Cystatin C Standardization (LCS) cohort, primarily established to generate a new cystatin C-based GFR estimation equation (the CAPA equation).[@bib11] The LCS cohort is based on consecutive Swedish Caucasian (≥99%) patients above 18 years referred for determination of GFR by iohexol clearance at Skåne University Hospital, Lund, Sweden, from May 2008 to March 2010. During this period, 3495 GFR determinations were performed in 2847 patients. Common causes for referral were manifest or suspected diabetic nephropathy, interstitial nephritis, glomerulonephritis, nephrotic syndrome, hematuria, proteinuria, reflux nephropathy, myeloma, vasculitis, consideration of initiation of hemodialysis, evaluation of potential renal donors, control after kidney transplantation, and dosing of drugs cleared by the kidneys. For the present study, only data from the patients' first mGFR examination were included. A total of 2805 unique patients could be identified and followed longitudinally from the date of their first examination. The patients were, among other things, characterized concerning diagnosis at referral to the laboratory, mortality, death cause, and plasma level of cystatin C and creatinine.[@bib11] From this cohort, 4 subcohorts of 39 individuals were selected, representing patients with normal mGFR, with or without SPS, and patients with reduced mGFR, with or without SPS. The patients were selected so that those with and without SPS did not differ significantly in terms of mGFR, age, body mass index (BMI), weight, or percentage of males/females ([Table 1](#tbl1){ref-type="table"}), whether the patients had normal mGFR (≥60 ml/min per 1.73 m^2^) or reduced mGFR (\<60 ml/min per 1.73 m^2^). For each patient, the plasma levels of 177 selected proteins were measured. The study was approved by the local ethics committee (permissions LU 2015/860 and 2016/169). Patient data and samples were treated anonymously in all statistical analyses.Table 1Basic characteristics of the 4 cohortsCohort characteristicsSPS mGFR ≥60 ml/min per 1.73 m^2^No SPS mGFR ≥60 ml/min per 1.73 m^2^SPS mGFR \<60 ml/min per 1.73 m^2^No SPS mGFR \<60\
ml/min per 1.73 m^2^Number of patients39393939Age, yr58 (29, 75)57 (23, 82)67 (33, 83)65 (27, 85)Weight, kg73 (46, 127)74 (52, 102)75 (44, 107)79 (53, 99)Body mass index24 (17, 37)25 (19, 33)25 (17, 37)27 (20, 32)Females, %48.748.738.535.9mGFR, ml/min per 1.73 m^2^74 (60, 110)83 (62, 112)30 (6, 57)35 (12, 56)Cystatin C, mg/l1.68[a](#tbl1fna){ref-type="table-fn"} (1.21, 2.27)0.95 (0.77, 1.29)3.02[a](#tbl1fna){ref-type="table-fn"} (1.80, 6.75)2.16 (1.28, 3.96)Creatinine, μmol/l[b](#tbl1fnb){ref-type="table-fn"}59[a](#tbl1fna){ref-type="table-fn"} (37, 110)78 (52, 110)121[a](#tbl1fna){ref-type="table-fn"} (65, 495)162 (94, 410)CAPA~cystatin\ C~ ml/min per 1.73 m^2^40[a](#tbl1fna){ref-type="table-fn"} (26, 60)80 (55, 109)17[a](#tbl1fna){ref-type="table-fn"} (3, 37)28 (13, 61)LM-REV~creatinine~[c](#tbl1fnc){ref-type="table-fn"} ml/min per 1.73 m^2^92[a](#tbl1fna){ref-type="table-fn"} (56, 122)78 (55, 104)38[a](#tbl1fna){ref-type="table-fn"} (10, 82)28 (13, 60)CAPA~cystatin\ C~ /[c](#tbl1fnc){ref-type="table-fn"}\
LM-REV~creatinine~ ratio0.47[a](#tbl1fna){ref-type="table-fn"} (0.33, 0.55)1.00 (0.95, 1.05)0.40[a](#tbl1fna){ref-type="table-fn"} (0.31, 0.55)1.00 (0.95, 1.05)All-cause mortality during 5 years, %56.4[a](#tbl1fna){ref-type="table-fn"}28.274.4[a](#tbl1fna){ref-type="table-fn"}28.2[^1][^2][^3][^4]

Measurement of GFR {#sec1.2}
------------------

Glomerular filtration rate was measured as plasma clearance of iohexol.[@bib12] A recent systematic review of methods to measure GFR has shown that this method produces results comparable to those based on measuring urinary clearance of inulin.[@bib13]

Measurements of Protein and Creatinine Concentrations {#sec1.3}
-----------------------------------------------------

Relative protein levels of 177 proteins were measured using Olink CARDIOVASCULAR II and Olink INFLAMMATION panels (Olink Proteomics AB, Uppsala, Sweden) according to the manufacturer's instructions. The Proximity Extension Assay (PEA) technology used for the Olink protocol has been well described[@bib14] and enables 92 analytes to be analyzed simultaneously, using 1 μl of each sample. In brief, pairs of oligonucleotide-labeled antibody probes bind to their targeted protein, and if the 2 probes are brought in close proximity, the oligonucleotides will hybridize in a pairwise manner. The addition of a DNA polymerase leads to a proximity-dependent DNA polymerization event, generating a unique polymerase chain reaction target sequence. The resulting DNA sequence is subsequently detected and quantified using a microfluidic real-time polymerase chain reaction instrument (Biomark HD, Fluidigm, South San Francisco, CA). Data are then quality controlled and normalized using an internal extension control and an interplate control, to adjust for intra- and interrun variation. Quality control for each sample was performed following Olink's recommended thresholds for the included control assays of the antibody incubation and quantitative polymerase chain reaction detection. Based on this assessment, 5 samples were excluded from the CARDIOVASCULAR II panel and 2 samples from the INFLAMMATION panel in all statistical analyses, leaving 151 and 154 samples, respectively (see [Supplementary Table S1](#appsec1){ref-type="sec"} for the number of samples used in the analysis for each assay). The Olink Proteomics platform measures protein levels in a unit called Normalized Protein eXpression (NPX) that is a relative measurement on log2 scale (1 NPX change translates approximately into a 2-fold change in protein concentration). The NPX scale is recommended by Olink Proteomics for all statistical analysis and was used throughout the study. More information about NPX and the Olink platform, including all assay validation data (detection limits, intra- and interassay precision data, etc.), are available on the manufacturer's website ([www.olink.com](http://www.olink.com){#intref0010}).

The plasma cystatin C levels in all samples were determined by an automated particle-enhanced immunoturbidimetric method[@bib15] using a reference material traceable to the international cystatin C calibrator.[@bib16] Creatinine levels were determined by an enzymatic colorimetric assay using a calibrator traceable to primary reference material with values assigned by isotope dilution mass spectrometry.[@bib17]

Statistical Analysis {#sec1.4}
--------------------

Differences in the characteristics of the 4 studied cohorts ([Table 1](#tbl1){ref-type="table"}) were tested using a nonparametric method (Mann−Whitney *U* test). A *P* value \<0.05 was considered significant.

We investigated the impact of SPS, reduced mGFR, and their potential interaction for each protein using age, sex, and BMI by fitting a full linear model (*NPX ∼ SPS + mGFR + SPS \* mGFR + Age + Sex +BMI)*. Statistical significance for each term was determined by the Wald test, and the *P* values were corrected for multiple testing using Benjamini−Hochberg's method. An adjusted *P* value \<0.05 was considered statistically significant. Significant changes in protein levels were assigned into 4 classes depending on the detected changes with SPS and mGFR: (i) SPS specific, (ii) reduced mGFR specific, (iii) specific for simultaneous presence of SPS and reduced mGFR, and (iv) interaction of SPS and mGFR. Estimated coefficients for the main effect of SPS and mGFR have essentially the same values (median linear difference, 5%) when comparing the full linear model with a model excluding the interaction term. To assess whether protein size (Dalton) correlates with the observed changes in plasma concentration in patients with SPS or with reduced mGFR, linear regression was used. A model was fitted for estimated effects (ΔNPX ∼ Size) for both mGFR and SPS that included all significant changes in protein levels (*P* \< 0.05, Wald test) from the analysis above. For easier interpretation, the estimated coefficients were linearized to percentage difference in all figures and [Table 2](#tbl2){ref-type="table"} by calculating 100 × (2^*c*^ -- 1), where *c* is the coefficient. The differences are relative to patients with normal mGFR (≥60 ml/min per 1.73 m^2^) and without SPS. Please note that the linearized relative values are multiplicative and not additive. All statistical analyses of Olink proteomics data were carried out using the R statistical programming language (R Foundation for Statistical Computing, Vienna, Austria).Table 2Proteins for which there were changes in plasma protein levels specific for shrunken pore syndrome (SPS), specific for reduced measured GFR (rGFR), or occurring both in SPS and in rGFR compared to patients with normal measured GFR without SPSProteinConditionReferences for atherosclerosis associationFull protein nameMCP-3SPS38Monocyte chemotactic protein--3CDCP1SPSCUB domain-containing protein 1ADAM-TS13SPS39A disintegrin and metalloproteinase with thrombospondin motifs 13IL-4RASPSInterleukin-4 receptor subunit αOPGSPS40OsteoprotegerinIL-1raSPS41Interleukin-1 receptor antagonist proteinIL-6SPS42, 43Interleukin-6IL-17CSPS44Interleukin-17CMCP-1SPS45Monocyte chemoattractant protein--1CXCL11SPS46C-X-C motif chemokine 11IL-18SPS47Interleukin-18FGF-21SPSFibroblast growth factor 21TGFASPSProtransforming growth factor αCCL19SPS48C-C motif chemokine 19IL-18R1SPS49Interleukin-18 receptor 1PD-L1SPS50Programmed cell death 1 ligand 1HGFSPS51, 52Hepatocyte growth factorHO-1SPSHeme oxygenase 1IL-10SPSInterleukin-10PTX3SPS53Pentraxin 3CXCL10SPS46, 54, 55C-X-C motif chemokine 104E-BP1SPS56Eukaryotic translation initiation factor 4E-binding protein 1GDF-2SPSGrowth/differentiation factor 2MCP-2SPSC-C motif chemokine 8CTSL1SPS57Cathepsin L1CA5ASPSCarbonic anhydrase 5A, mitochondrialCCL20SPS58, 59C-C motif chemokine 20ADASPSAdenosine deaminasePARP-1SPSPoly \[ADP-ribose\] polymerase 1HAOX1SPSHydroxyacid oxidase 1VEGF-ASPS and rGFRVascular endothelial growth factor AADMSPS and rGFR60AdrenomedullinPlGFSPS and rGFR61Placenta growth factorTNFRSF10ASPS and rGFRTumor necrosis factor receptor superfamily member 10ATNFRSF11ASPS and rGFRTumor necrosis factor receptor superfamily member 11ATRAIL-R2SPS and rGFR62Tumor necrosis factor-related apoptosis-inducing ligand receptor 2CXCL9SPS and rGFRC-X-C motif chemokine 9IL27SPS and rGFR63Interleukin 27SCFSPS and rGFRKit ligandSLAMF1SPS and rGFRSignaling lymphocytic activation moleculeLIF-RSPS and rGFRLeukemia inhibitory factor receptorIL-15RASPS and rGFRInterleukin-15 receptor subunit αIL-10RBSPS and rGFRInterleukin-10 receptor subunit βRENSPS and rGFR64ReninMERTKSPS and rGFRTyrosine-protein kinase MerTIMSPS and rGFRHepatitis A virus cellular receptor 1TMSPS and rGFR65ThrombomodulinVSIG2SPS and rGFRV-set and Ig domain-containing protein 2IL16SPS and rGFRPro-interleukin-16MMP-10SPS and rGFR66Matrix metalloproteinase 10CCL23SPS and rGFR67C-C motif chemokine 23PRSS8SPS and rGFRProstasinAGRPSPS and rGFRAgouti-related proteinCD40SPS and rGFR68Tumor necrosis factor receptor superfamily member 5PD-L2SPS and rGFRProgrammed cell death 1 ligand 2CX3CL1SPS and rGFR69FractalkinehOSCARSPS and rGFR70Osteoclast-associated Ig-like receptorTNFRSF9SPS and rGFR71Tumor necrosis factor receptor superfamily member 9CSF-1SPS and rGFRMacrophage colony-stimulating factor 1DCNSPS and rGFRDecorinSLAMF7SPS and rGFRSLAM family member 7SRCrGFRProto-oncogene tyrosine-protein kinase SrcPRSS27rGFRSerine protease 27CST5rGFRCystatin-DTFrGFR72Tissue factorIL-17DrGFRInterleukin-17DRAGErGFR73Advanced glycosylation end product-specific receptorTNFSF14rGFRTumor necrosis factor ligand superfamily member 14FGF-23rGFR74, 75Fibroblast growth factor 23SPON2rGFRSpondin-2FGF-5rGFRFibroblast growth factor 5β-NGFrGFRβ-Nerve growth factorAMBPrGFRα-1-Microglobulin/bikunin precursorIL-12BrGFRInterleukin-12 subunit βPRELPrGFRProlarginXCL1rGFRLymphotactinCD5rGFRT-cell surface glycoprotein CD5MMP-7rGFR76 - 78Matrix metalloproteinase-7LPLrGFR79Lipoprotein lipaseHB-EGFrGFR80Proheparin-binding EGF-like growth factorFABP2rGFR81Fatty acid-binding protein 2GTrGFRGastrotropinCASP-8rGFRCaspase-8CCL25rGFR82chemokine receptor 9-chemokine ligand 25TNFRSF13BrGFRTumor necrosis factor receptor superfamily member 13BLEPrGFR83LeptinCD4rGFRT-cell surface glycoprotein CD4VEGF-DrGFR84Vascular endothelial growth factor D

Results {#sec2}
=======

A large population of Swedish, Dutch, and Japanese adults and children with measured GFR was recently used to generate a cystatin C−based GFR estimating equation useful for all ages (the Caucasian, Asian, Pediatric and Adult, or CAPA, equation).[@bib11] Of the Swedish adults, 2805 have been followed for at least 5 years. For the present study, 156 patients were selected, comprising 4 subcohorts of 39 patients, defined as follows: (i) normal mGFR (≥60 ml/min per 1.73 m^2^) with SPS; (ii) normal mGFR without SPS; (iii) reduced mGFR (\<60 ml/min per 1.73 m^2^) with SPS; and (iv) reduced mGFR without SPS. The cohorts were selected so that age, gender composition, BMI or weight, and mGFR were not significantly different between the groups with or without SPS for normal or reduced mGFR. The basic characteristics of these cohorts are given in [Table 1](#tbl1){ref-type="table"}, including the estimated GFR obtained using the estimating equations CAPA~cystatin\ C~[@bib11] and LM-REV~creatinine~[@bib18] and the eGFR~cystatin~ ~C~/eGFR~creatinine~ ratios using these equations. An eGFR~cystatin\ C~/eGFR~creatinine~ ratio of ≤0.60 was used as a cut-off to define the presence or absence of SPS.[@bib5] As expected, there were significant differences in the levels of cystatin C or creatinine, CAPA~cystatin\ C~, LM-REV~creatinine~, and the eGFR~cystatin\ C~/eGFR~creatinine~ ratio between patients with and without SPS for both normal and reduced mGFR. The survival after 5 years was ≤50% in the populations with SPS compared to the populations without SPS, independent of whether mGFR was normal (*P* = 0.0123) or reduced (*P* \< 0.0001) ([Table 1](#tbl1){ref-type="table"}). The major causes of death were cardiovascular disorders or cancer and the proportion of cardiovascular causes of death were greater in the groups with SPS; however, the differences were not statistically significant, probably due to the low number of patients studied.

By measuring the relative plasma levels of 177 proteins in the 4 cohorts using Olink\'s proteomics platform ([Supplementary Table S1](#appsec1){ref-type="sec"}) based on the proximity extension assay,[@bib14] we could detect significant differences in the levels of 88 proteins (multiple test adjusted *P* \< 0.05) associated with SPS and/or reduced mGFR. Of these 88 differences, 30 were specifically associated with SPS, 27 with reduced mGFR, and 31 with both SPS and reduced mGFR in a regression model. Of the 30 differences specifically associated with SPS, 28 concerned increased levels ([Figure 1](#fig1){ref-type="fig"}). Of the 27 differences specifically associated with reduced mGFR, 24 represented increases ([Figure 2](#fig2){ref-type="fig"}). Of the 31 differences associated with both SPS and reduced mGFR, 30 represented increases ([Figure 3](#fig3){ref-type="fig"}). Three proteins had a significant interaction term indicating that they had a specific change with the simultaneous presence of SPS and reduced mGFR ([Supplementary Table S1](#appsec1){ref-type="sec"}).Figure 1Protein concentration changes (%) in patients with shrunken pore syndrome (SPS). Changes are relative to the concentrations in patients without SPS and with normal measured glomerular filtration rate (mGFR). Error bars represent 95% confidence intervals for the estimated changes. Protein concentration changes were estimated from the coefficients of a full linear model (n = 154/151; see [Supplementary Table S1](#appsec1){ref-type="sec"} for each assay). Full protein names are given in [Table 2](#tbl2){ref-type="table"}.Figure 2Protein concentration changes (%) in patients with reduced mGFR. Changes are relative to the concentrations in patients without shrunken pore syndrome (SPS) and with normal measured glomerular filtration rate (mGFR). Error bars represent 95% confidence intervals for the estimated changes. Protein concentration changes were estimated from the coefficients of a full linear model (n = 154/151; see [Supplementary Table S1](#appsec1){ref-type="sec"} for each assay). Full protein names are given in [Table 2](#tbl2){ref-type="table"}.Figure 3Protein concentration changes (%) in patients with both shrunken pore syndrome (SPS) (green) and reduced mGFR (red). Changes are relative to the concentrations in patients without SPS and with normal mGFR. Error bars represent 95% confidence intervals for the estimated changes. Protein concentration changes were estimated from the coefficients of a full linear model (n = 154/151; see [Supplementary Table S1](#appsec1){ref-type="sec"} for each assay). Full protein names are given in [Table 2](#tbl2){ref-type="table"}.

It has previously been noted that there seems to be a tendency toward increased levels of smaller rather than larger proteins in SPS.[@bib5], [@bib7], [@bib19] We therefore tested whether the size of the proteins in this study (approximated as molecular mass in Daltons) influenced their changes in concentration, using linear regression. For SPS, a significant inverse correlation (*P* \< 0.05) was found between concentration change and protein size, with higher increases in the levels of smaller proteins ([Figure 4](#fig4){ref-type="fig"}). No such correlation (*P* = 0.50) could be seen for reduced mGFR ([Figure 5](#fig5){ref-type="fig"}).Figure 4Correlation (*P* \< 0.05) between protein concentration change in patients with shrunken pore syndrome and protein size approximated as molecular mass in Daltons. Protein concentration changes were estimated from the coefficients of a full linear model (n = 154/151; see [Supplementary Table S1](#appsec1){ref-type="sec"} for each assay). Only proteins with significant concentration changes were included in the analysis.Figure 5No correlation (*P* = 0.29) could be seen between protein concentration change in patients with reduced glomerular filtration rate (GFR) and protein size approximated as molecular mass in Daltons. Protein concentration changes were estimated from the coefficients of a full linear model (n = 154/151; see [Supplementary Table S1](#appsec1){ref-type="sec"} for each assay). Only proteins with significant concentration changes were included in the analysis.

Discussion {#sec3}
==========

Reduced GFR has been known to increase the plasma level of cystatin C since 1979[@bib20] and cystatin C has been used as a marker for GFR since 1985.[@bib21] The introduction of an automated procedure for measurement of cystatin C in 1994[@bib15] has led to widespread use of cystatin C, or cystatin C−based estimating equations, to assess GFR. Cystatin C is commonly superior to creatinine as a marker of GFR[@bib22]; however, if creatinine-based GFR estimating equations also incorporate age, sex, and race factors, they are generally comparable to cystatin C−based equations using only cystatin C as a parameter.[@bib4], [@bib23] A recent study of the levels of 2893 proteins in plasma demonstrated that the cystatin C level was the one most strongly correlated with measured GFR.[@bib24] A decrease in mGFR or eGFR signals increased risks for development of end-stage renal disease, cardiovascular manifestations, hospitalization, and death. An eGFR based on cystatin C (eGFR~cystatin~ ~C~) is consistently superior to eGFR based on creatinine (eGFR~creatinine~) to predict these conditions.[@bib25], [@bib26], [@bib27], [@bib28] The cause for the superiority of cystatin C as a risk marker is unknown, but it has been suggested that inflammation (as measured by increased C-reactive protein levels) raises the cystatin C level, thereby augmenting its potential as a risk marker.[@bib29] In elective surgery studies, however, a sharp rise in inflammation was seen in patients, with large increases in the levels of C-reactive protein and other inflammatory markers, but without any increase in the level of cystatin C.[@bib30] The relationship between raised levels of C-reactive protein and cystatin C is therefore not a causal one.

Cystatin C is a much larger molecule than creatinine (13.3kDa vs. 0.113 kDa), and this has been suggested to underlie the superiority of cystatin C as a risk factor, as kidney disease might affect the filtration of molecules differently depending on their size.[@bib4], [@bib5] The glomerular sieving coefficient for very small molecules such as creatinine (0.113 kDa) is close to 1, but the coefficient for small proteins, for example, β-2-microglobulin (11.6 kDa), has also been described to be close to 1.[@bib31] The sieving coefficient for proteins with a size of ∼40 kDa is still more than 0.001,[@bib31] whereas very low sieving coefficients (\<0.0001) have been described for proteins larger than albumin (66 kDa).[@bib31] This means that if the sieving coefficients are selectively lowered for molecules between 5 and 40 kDa, for example, increased levels of plasma proteins between 5 and 40 kDa would occur, whereas the plasma levels of molecules less than 5 kDa and more than 40 kDa would essentially be unaffected. The plasma level of a protein is determined by its production and catabolic rate, and the lower the molecular size of a protein is, the higher its catabolism by glomerular filtration will be. This means that in SPS, proteins with a molecular size like that of β-2-microglobulin or cystatin C will generally display a greater decrease in filtration, and thus in catabolism, than proteins above 40 kDa and will consequently display a higher increase in plasma level. This mechanism might explain the significant inverse correlation found in SPS (but not in reduced mGFR without SPS) between concentration change and protein size, with higher increases in the levels of smaller proteins ([Figure 4](#fig4){ref-type="fig"}). Because GFR generally is measured using molecules less than 5 kDa, measured GFR could be normal in the situation described above with selectively lowered sieving coefficients for molecules between 5 and 40 kDa, even in the presence of an abnormal ultrafiltrate and specific changes in the plasma levels of certain proteins indicating impaired filtration quality. As SPS is connected to a strong increase in mortality and morbidity, even in the absence of reduced GFR,[@bib6], [@bib7], [@bib8], [@bib9] it may be important to measure "filtration quality"[@bib32] in addition to GFR when screening for kidney disease. Present screening for CKD includes eGFR, based on creatinine, cystatin C, or both, as well as the urinary albumin-to-creatinine ratio. However, this screening may be improved in the future by identifying a low eGFR~cystatin~ ~C~/eGFR~creatinine~ ratio,[@bib4], [@bib5], [@bib6], [@bib9] which could signal increased risks of cardiovascular disease, end-stage renal disease, and mortality. Proteins other than cystatin C can be used to estimate GFR,[@bib21] and as they differ in molecular mass from cystatin C,[@bib21] it might be possible to characterize impaired filtration quality and its clinical consequences more carefully by using additional measurements of plasma levels of these proteins. In fact, the correlation between inflammation (raised levels of C-reactive protein) and cystatin C might reflect that inflammation generally promotes development of atherosclerosis, including in the kidneys, which might produce impaired filtration quality before it produces impaired filtration of very small molecules such as creatinine and molecules used in the measurement of GFR.

There are several previous indications that, even when mGFR is normal, abnormal glomerular filtration occurs in the third trimester of pregnancy, especially in preeclampsia. This is based not only on studies of the levels of plasma proteins,[@bib32], [@bib33], [@bib34], [@bib35], [@bib36] but also on clearance studies of dextrans of different sizes.[@bib37] Analysis of the plasma levels of proteins of different sizes in 1349 patients consecutively referred to our laboratory and with known eGFR~cystatin\ C~ and eGFR~creatinine~ revealed that those with an eGFR~cystatin~ ~C~/eGFR~creatinine~ ratio ≤0.60 had an increase in the plasma levels of low-molecular-mass proteins similar to that observed in patients with preeclampsia.[@bib5] These results were interpreted as pointing to a common pathophysiological state of abnormal filtration quality in many types of patients other than just those with preeclampsia, and the syndrome was tentatively called "shrunken pore syndrome" to suggest a possible cause for the abnormal composition of the glomerular filtrate and the corresponding changes in the plasma levels of certain proteins.[@bib5]

Although the pathophysiological mechanism in SPS might be the one discussed here, it does not directly explain the increase in mortality and morbidity connected to SPS. It is possible, however, that changes in the levels of plasma proteins resulting from impaired filtration quality might at least partly explain the increase in mortality and morbidity associated with SPS. As can be seen from the present proteomic studies, a large proportion of the changes in plasma levels of proteins in SPS or reduced GFR concerns proteins with signaling functions. A survey of the literature suggests that of the 30 changes specific for SPS, 18 promote, or are associated with, atherosclerosis[@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59] ([Table 2](#tbl2){ref-type="table"}). The same is true for 12 of the 31 changes occurring in patients with both SPS and reduced GFR[@bib60], [@bib61], [@bib62], [@bib63], [@bib64], [@bib65], [@bib66], [@bib67], [@bib68], [@bib69], [@bib70], [@bib71] and for 10 of the 27 changes specific for reduced mGFR[@bib72], [@bib73], [@bib74], [@bib75], [@bib76], [@bib77], [@bib78], [@bib79], [@bib80], [@bib81], [@bib82], [@bib83], [@bib84] ([Table 2](#tbl2){ref-type="table"}). These results are compatible with the observations that the majority of the causes of morbidity and death in both patients with SPS and/or reduced GFR represent manifestations of cardiovascular disorders.[@bib6], [@bib7], [@bib8], [@bib9], [@bib14] However, the selected Olink panels used to measure protein concentrations are enriched in cardiovascular and inflammation-associated proteins. The elucidation of the exact relationships between the changes in the levels of signaling proteins and cardiovascular manifestations therefore requires extensive further studies, but our study might suggest interesting possibilities for future treatment strategies. Those proteins that play a causal role in atherosclerosis, rather than simply acting as markers for the process, might represent potential targets for therapeutic interventions to reduce the risk of cardiovascular complications, not only in SPS patients but also in all patients with reduced mGFR.

As noted in [Table 1](#tbl1){ref-type="table"}, all-cause mortality was markedly higher in patients with SPS, both in patients with normal and in patients with reduced GFR. Differences between the groups with respect to age, gender, and BMI were small and could not explain the association between SPS and mortality. We thus hypothesize that the difference in mortality is due to SPS, but we cannot rule out the possibility that the difference is confounded by other CV risk factors that were not available for the present investigation. In ongoing work, we plan to synthesize and analyze more detailed register data for the full LCS cohort of 2805 patients,[@bib11] also with respect to cause-specific mortality.
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Table S1Statistical analysis of the concentration changes of 177 plasma proteins in samples from 156 patients without or with shrunken pore syndrome (SPS) and with measured normal or reduced glomerular filtration rate (rGFR) to establish changes specific for SPS and rGFR.

This investigation is dedicated to the late Bengt Rippe for his ground-breaking work on the pore model of capillary permeability. The study was supported by grants from the Alfred Österlund Foundation, the Medical Faculty of the University of Lund, and from Region Skåne.

**Table S1.** Statistical analysis of the concentration changes of 177 plasma proteins in samples from 156 patients without or with shrunken pore syndrome (SPS) and with measured normal or reduced glomerular filtration rate (rGFR) to establish changes specific for SPS and rGFR.

Supplementary material is linked to the online version of the paper at [www.kireports.org](http://www.kireports.org){#intref0015}.

[^1]: Continuous characteristics are presented as median (2.5−97.5 percentiles); categorical values are presented as percentage (%). Differences between groups were tested using a nonparametric method (Mann-Whitney U test). A p value \<0.05 was considered significant. CAPA~cystatin\ C~, eGFR using the Caucasian-Asian-Pediatric-Adult equation[@bib11]; LM-REV~creatinine~, eGFR using Lund-Malmö-revised equation[@bib18]; mGFR, measured glomerular filtration rate.

[^2]: Statistical differences between parameters of patients with and without SPS at mGFR ≥ or \<60 ml/min per 1.73 m^2^.

[^3]: Conversion factor: μmol/l divided by 88.4 = mg/dl.

[^4]: Both CAPA~cystatin\ C~ and LM-REV~creatinine~ can be determined by using the tool available at [www.egfr.se](http://www.egfr.se){#intref0030}.
